The main goal of the present grinding concept GrindBall is to develop a manufacturing process to machine micro structures [1] on hard and brittle materials, using a spherical and shaftless grinding tool. Thereby the negative effect of cutting speed variation caused by fixed rotational axes of conventional grinding pins is reduced. Spherical tools require new technologies for contactless tool drive and positioning [2] that are able to be miniaturised to a compact machining module and fit in the workspace of small machine tools [3] . Therefore, a fluidic drive and an electromagnetic bearing system were chosen for the GrindBall module as practically contactless technologies for power transmission [4] .
INTRODUCTION
In order to determine the ideal geometry of the propulsion concept of the GrindBall module, to facilitate the selection of an appropriate propulsion fluid and to optimise the grinding forces produced by the tool, several numerical studies were performed (Fig. 1) . The single and multi-phase fluid simulations are conducted with the open source CFD package OpenFOAM using an incompressible multi-phase solver capable of computing stresses at solid surfaces. A base geometry is determined through preliminary investigations, which are based on practical and physical restrictions and on requirements for the grinding process [5] . The base geometry utilises a hydraulically powered spherical grinding tool with a diameter of 8 mm. The force necessary to achieve abrasion is applied by the fluid flow, which is injected in a spherical gap through three vertical ducts (Fig. 2) .
Although magnetic bearings are already successfully used in many technical systems, the design and control of magnetic bearings for a new, miniaturised module poses several technical challenges. For instance, it is particularly challenging to maintain a relatively small air gap between the spherical grinding tool, having a relatively low mass of approx. 2 g, and a magnetic shaft [6] . The bearing concept must also consider the rotation of the tool, which induces eddy current effects. Hence, dimensioning and simulation of the system focuses on the optimisation of the magnetic bearing, electrodynamic effects and non-linear control [7] . The resulting shear force is analysed by the computational integration of the simulated shear stresses at the surface of the abrading sphere. The angular momentum is induced by single-phase flow and multi-phase flow (Fig. 3) through three collinear nozzles. The efficiency is discussed with an algebraic approach for the maximum of resulting forces in rotation direction.
GOVERNING EQUATIONS
The attachment point of the vertical flow onto the grinding body surface is shifted with the length δ from symmetry axis. The attaching forces work in flow direction with cosine ratio of the dynamic pressure depending on the relative velocity: The force vector is derived by dividing eqn (1) by the time increment dt. The absolute force is described with the cosine ratio and the relative velocity of flow velocity and surface speed in angular direction:
This value describes the absolute force on the grinding body by the liquid flow stream.
Angular momentum transfer
The enforced angular momentum
is driven by the grinding sphere radius R and the eccentric shift length δ :
Characteristic lengths and angles are sketched in Fig. 4 . So the relation between absolute values is given as follows:
With a general substitution of the nozzle velocity U and the angular rotation speed Ω:
the absolute angular momentum value is written depending on rotation frequency f and integrated nozzle square area A as follows:
The transferred angular momentum decreases with increasing rotation frequency. So positive momentum transfer can only be realized under a corresponding rotation frequency supremum.
Friction efficiency
Former investigations show a decreasing efficiency of the friction forces with higher rotation velocities of the grinding body. The friction efficiency η is introduced for modelling this effect. The absolute shear force on the surface of the grinding sphere is corrected by this value:
The consequent substitution (eqn (7)) of the velocity values leads to the formulation of the angular momentum depending on friction efficiency:
The resulting grinding force F G is defined by the ratio of angular momentum and grinding sphere radius:
Hereby the relation between absolute grinding force, rotation speed and enforcing mass flow is developed. In Figs At first a simple single-phase simulation of the present flow is investigated. The friction liquid is hydraulic oil HLP46 at a constant temperature of 293.15K and atmospheric environmental pressure 101325Pa. The numerical results of a three-dimensional simulation are shown in Fig. 11 . Approximated modelling curves (eqn (12)) are determinate in Fig. 12 with an estimated friction efficiency of η = 11%. The second parameter study is a threedimensional simulation with a comparable volume-of-fluid code. The shear forces are investigated and also approximated by a linear regression curve (Fig. 13 ) like in the single-phase case. But the higher shear forces indicate a higher friction efficiency. The multi-phase results are approximated with a comparing modelling study of η = 16% (Fig. 14) . The advantage of multi-phase flow usage can be explained by the missing of breaking liquid in the back of the grinding sphere. This liquid would be pumped into the gap between sphere and cavity wall in a single-phase flow. The resulting shear forces on the abrasive surface of the sphere would decrease transferred angular momentum. The missing of this breaking effect in the multi-phase set-up increases the transferred angular momentum by about 50% and the "friction efficiency" of the grinding tool from 11% to 16%. 
PARAMETER DISCUSSION OF DIMENSIONLESS VALUES
the non-dimensional parameters of normalised grinding force F G * , normalised shift length 6*, normalised nozzle throat area A* and the friction efficiency η:
following relation results from the consequent substitution of the non-dimensional parameters: 
This restriction also defines the needs of working tool layout.
5 CONCLUSIONS The present approach shows good results for modelling hydraulic friction-depending grinding forces for single-phase and multi-phase processes. The advantage of the multi-phase set-up is shown by three-dimensional volume-of-fluid simulations. The new parameter of the friction efficiency η characterises the difference of the behaviour.
With the present approach various families of hydraulic-driven working tools are able to be characterised. Restrictions of working range for mass flow and friction efficiency are shown with a dimensionless relation (eqn (21)).
